The formation of nanoscaled one-dimensional structure constituting the thin films of ZnO via a RF magnetron sputtering process is demonstrated. A detailed analysis of these films has been carried out by exploiting the techniques of ellipsometry, scanning and transmission electron microscopy (SEM, TEM), high-resolution TEM, and scanning tunneling microscopy (STM). The importance of substrate materials due to the nanomorphologies as rods and wires on the substrates as amorphous quartz and silicon, respectively, has been elucidated. It has been exhibited that these fascinating nano-objects (rods, wires) are grown directionally along c-axis of hexagonal lattice of ZnO. The nucleation and growth mechanisms of these nano-objects have been discussed to interpret the present results.
Introduction
Semiconducting nanorods and nanowires are indispensable components for the realization of nanoelectronics and exhibit highly tunable optical properties that make them attractive for several applications [1] [2] [3] [4] [5] . Among these, ZnO (band gap ∼3.34 eV) is an important nanostructure with one dimensional (1D) morphology, as it could be the next most important material after the carbon nanotubes. However, unlike the carbon nanotube which can be semiconducting as well as highly metallic, ZnO has the advantage of always being a semiconductor for all its applications. ZnO is a wurtzite hexagonal structure (space group: C6mc), with the alternating planes of tetrahedrally coordinated O 2− and Zn 2+ stacked along the c-axis [6] [7] [8] [9] . Due to the unique combination of being piezoelectric, pyroelectric, and a wideband-gap semiconductor, ZnO is one of the most important MEMS materials for integration in microsystems such as electromechanical coupled sensors and transducers [10] [11] [12] [13] [14] . Moreover the material has a potential applicability in monitoring and controlling the environmental conditions, such as the presence of ozone or carbon monoxide in the atmosphere [15, 16] . Keeping in view of its gamut of applications, it is of importance to fabricate ZnO-1D nanostructures with large surfaces compared to the volume of the material. In the present work, we have grown ZnO films constituted of nanorods/particles on silicon (Si) and nanowires on amorphous quartz, using RF magnetron sputtering.
Experimental
Film deposition was carried out on Si (diameter: 2 inch, thickness: 280 μm) and amorphous quartz (diameter: 1 inch, thickness: 0.5 mm) substrates by RF magnetron in "sputter-up configuration" using a stoichiometric target of ZnO (diameter: 3 inch, thickness: ∼5 mm) having 99.99% purity. The Si substrates in the present studies were of prime grade, same as those used in semiconductor integrated circuit fabrication. These were chemical-mechanical polished (CMP) by the manufacturer. The average surface roughness (Ra) value, measured using AFM, is in the range of 2-3Å. Before loading the substrates in the vacuum chamber for sputter deposition, these were cleaned using standard cleaning steps which include: ultrasonic rinsing in IPA, DI water rinse, H 2 SO 4 -H 2 O 2 , and dip in dilute HF. The amorphous-quartz substrates were also of the same surface roughness. However in the cleaning procedure for quartz, the dip in dilute HF was omitted to ensure that the surface does not become rough due to etching. The sputtering pressure was maintained at 1 × 10 −2 Torr for all the depositions. No external substrate heating was done during deposition. However, substrate temperature rises due to heating in plasma normally up to approximately 110
• C. The details of growth conditions of these films are published elsewhere [17] . During deposition, the sputtering gas: oxygen and argon in 1 : 1 ratio, RF power: 100 W at a frequency of 13.56 MHz, substrate to target distance: 45 mm, and deposition rate: 140Å/min, were maintained. Optical absorption data was measured using Shimadzu UV3101 PC spectrophotometer. Elliposmetric parameters were recorded by a Rudolph Research manual null-type ellipsometer (at wavelength: 546.1 nm). X-ray diffractograms were recorded in grazing incidence angle (1.5
• ) geometry by a Bruker AXS D8 Advance diffractometer using CuKα wavelength of 1.54059Å. Microstructural analyses were performed by SEM (model: LEO-440), TEM (models: JEOL TEM 200CX and FEI Tecnai G 2 F30 STWIN) and STM (model: Nano Scope II, Digital Instruments, Inc.).
Results and Discussion
The ellipsometric parameters for the two types of films (Table 1) show that in case of the silicon substrate, the parameters measured at two different surface locations were nearly uniform. The film on quartz substrate has higher value of refractive index and lower thickness for the same duration of deposition. These observations are important for the optical performance of these films.
XRD patterns revealed that the films were crystalline with c-axis oriented along 0002 planes (interplanar spacing, formula for films on amorphous quartz and Si substrates was 42 and 31 nm, respectively.
In general SEM topographs have shown a very smooth homogeneous texture of the film with a globular grains consisted of subgrain microstructure. As an illustrative micrograph, (Figure 2 TEM studies carried out on the ZnO grown on quartzsubstrate exhibited that the film is constituted of fine grain nanoparticles (10-30 nm) coexisting with nanorods of diameter about 20 nm (Figures 3(a), 3(b), 3(c) ). The overall appearance of such microstructure definitely states that these films have large surface area, because of the nano-objects present on it and the nano and sub-nanoscale porosity dispersed throughout the film. Selected area electron diffraction patterns (SADPs) exhibited that although the nanoparticles are randomly arranged with polycrystalline nature, the nanorods are single crystalline. A set of single crystalline SADPs recorded from the nanorods are displayed as Figures 3(d), 3(e) . SADP recorded along [0001] zone axis (Figure 3(d) ) shows that the growth of nanorod is along the c-axis of the hexagonal unit cell. The three important planes 1100, 0110, and 1010 are marked as 1, 2, and 3, respectively, on SADP (Figure 3(d) ). The growth direction (c-axis of hexagonal unit cell) is observed frequently on nanorods. An adequate tilting of a nanorod also resulted in a single crystal SADP along [21 10] zone axis (Figure 3(e) ). The three important planes 0001, 0111, and 0110 are marked as 4, 5, and 6, respectively, on SADP (Figure 3(e) ).
In contrast to quartz substrate, the microstructural features evolved on Si lead to interconnecting facetted nanoparticles of size about 20-40 nm (Figures 4(a), 4(c) ). The individual edges/facets of the particles have length of ∼10-20 nm with the common boundaries of length ∼20-30 nm. The boundaries between the particles are also clean. The nanoparticles are normally aligned in length, resulting as short interconnecting coir-type morphology. Such type of nanoparticles with faceted morphology may be understood on the basis of kinetics of the process during growth, due to a limited period of sputtering. A detailed study in this direction is underway. It is possible that these nanoparticles are originally aligned in the film, and their alignment is disturbed while taking out from the substrate for preparing electron beam transparent thin specimen for examination under the TEM. The nanowired morphology of these microstructures has been observed in the cross-sectional mode, examined under SEM (Figure 4(b) ). The diameter of these nanowires measured from SEM micrograph is ∼30 nm, closely similar to the dimensions of individual nanoparticles resolved under TEM (Figure 4(c) ). In a high-resolution TEM mode, it was clearly seen that the growth direction of these wires is along c-axis due to the stacking of 0002 planes (d = 0.26 nm) along this direction (Figure 4(d) ).
It is worth noting that the two different types of microstructures of ZnO evolved on different substrates (amorphous-quartz and Si) under similar process conditions. The nanoparticles of a narrow size distribution delineated on Si substrate are useful for obtaining a uniform quality of thin film, which would lead to a consistent performance of any device fabricated by using these films. Such uniform particle size distribution with nanoscaled facetted morphologies originates only when there are a large number of nuclei processing with physically constrained growth. The growth is constrained, and the particles are facetted, which reflects that the preferred planes are developed on surface energies of the individual facets and to make the system thermodynamically stable; the planes with different surface energies may align to form an aggregate of nanowired morphologies, as observed in the present investigation. On the contrary, the quartz substrate with amorphous structure at lattice scale lacks any type of ordering at atomic configuration, and therefore a complete mismatch with the freshly deposited hexagonal ZnO is obvious. This phenomenon leads to exceptionally high fraction of ZnO nuclei with no directionality. Such random growth of large number of nuclei leads to very fine particles embedded in fine grained thin film of ZnO. It is surprising to note that these nanoparticles are coexisting with nanorods. Although, there is no understanding about the evolution of these nanorods along with nanoparticles, however, these nanorods are possible only when some of these nano-ZnO nuclei are well oriented in the beginning itself. These oriented nuclei grow in thin films, preferably along c-axis of the hexagonal unit cell leading to single crystalline rod-like morphology.
Surface changes evolved on these rods may be associated with accumulation of microscale disturbances in the lattice during growth. Since the two kinds of substrates (Si and amorphous quartz) resulted in different types of nanostructured ZnO, the desired electro-optical and sensing properties of these films may also be tailored accordingly.
Conclusions
RF sputtered growth of ZnO films reveal two important pieces of information, namely, (i) growth of the nanograins along preferred directions to form nanorods on amorphous quartz, and (ii) faceting on individual grains at nanoscale leading a nanowired morphology on Si substrate. A definite correlation between these two nanoscopic features at lattice scale is the preferred growth direction of c-axis of hexagonal ZnO in both cases. It is possible that the growth in preferred direction may be accompanied with texturing to establish the nanodimensional stability in the microstructure during growth of the film.
